Abstract-This paper presents that the extra passband with two transmission zeros can be obtained by adding shunt open stubs to the asymmetric half-wavelength resonators structure. By using this method, a fourth or even higher passband with good selectivity and compact size can be obtained. Dual-band, tri-band and quad-band bandpass filters are demonstrated by using this method. The measured bandwidth is 80/180 MHz for the dual-band, 60/180/180 MHz for the tri-band and 130/360/170/70 MHz for the quad-band filter, respectively. The measured insertion loss for the dual-band, tri-band and quad-band filter is less than 2.7 dB, 2.5 dB and 2.9 dB at the center frequency. All the simulated results and the measured results agree well.
INTRODUCTION
Recent development in wireless communication and radar systems has presented new challenges to design and produce high-quality miniature components with multi-band performance. There are many methods to design multi-band filters, such as combining two single-band filters at different passband frequencies [1] [2] [3] [4] [5] , adding defected stepped impedance resonator (DSIR) and microstrip stepped impedance resonator (MSIR) [6] [7] [8] [9] or adding a couple of resonators [10] [11] [12] [13] . The method of adding shunt open stub to the center of the resonator is used to design dual-band filter and there are three transmission zeros for the two passbands [14, 15] . The combination of adding shunt open stub to the center of the resonator and adding resonators is used to design tri-band filter, where five transmission zeros for the three passbands [16] [17] [18] .
This paper presents the applications of shunt open stubs for microstrip multi-band bandpass filter design. Theoretical analysis on obtaining multi-passband performance by adding shunt open stubs to the asymmetric half-wavelength resonators is introduced. By using this method, the fourth even higher passband can be obtained by adding shunt open stubs and the filter dimension is kept compact. Furthermore, in order to verify the method, the dual-band, tri-band and quad-band filters are fabricated and the expected responses are obtained. The simulated results and the measured results agree well.
The rest of the paper is organized as follows: the theoretical analysis with ABCD matrix method is given to explain the new approach in Section 2. In Section 3, the dual-band, tri-band and quadband filters are fabricated to verify the method. The conclusion is given in Section 4.
ANALYSIS OF THE ASYMMETRIC HALF-WAVE-LENGTH RESONATORS WITH SHUNT OPEN STUBS
In order to facilitate the analysis, the asymmetric half-wavelength resonators coupling structure with shunt open stub is design, as shown in Fig. 1 . The total length of one resonator is 2l 3 + l 2 + l 1 = λ 0 = 2, where λ 0 is the guided wavelength at fundamental resonance. The l 4 is the shunt open stub ,which is connected to the resonator directly. The coupling between the two open ends of the resonators is simply expressed by the gap capacitance C S [19, 20] .
Inspecting the Fig. 1 , the whole circuit represents a shunt circuit, as the dotted boxes shows, which consists of upper and lower sections. Each section is composed of l 1 , l 2 , l 3 , l 4 and C S . The ABCD matrices for the upper and lower sections of the lossless shunt circuit are
with M n = cos βl n jZ 0 sin βl n jY 0 sin βl n cos βl n (n = 1, 2, 3)
where β is the propagation constant, Z 0 the characteristic impedance of the resonator, ω the angular frequency, and Y 0 = 1/Z 0 . The Y -parameters for this circuit can be obtained by adding the upper and the lower section Y -parameters, which follow from (1a) and (1b), respectively. When the load is matching, S 21 of the circuit can then be calculated from the total Y -parameters. The S 21 for the whole circuit are [
where λ 0 is the guided wavelength at fundamental resonance. Thus, we can obtain sin βl 1 cos βl 3 tan βl 4 > 0 and sin βl 2 cos βl 3 tan βl 4 > 0. In addition, we assume sin βl 1 cos βl 3 tan βl 4 < 1 and sin βl 2 cos βl 3 tan βl 4 < 1. The two transmission zeros, f 1 and f 2 can be obtained as:
where ε eff is the effective dielectric constant, n is the mode number, c is the speed of light in free space. After transformation, Equation (2) also can be expressed as:
and thus the other two transmission zeros, f 3 and f 4 , can be obtained as:
Equations (4) and (5) present the transmission zeros on the both sides of the first and second passband, respectively.
APPLICATIONS
Based on the above analysis, the dual-band, tri-band and quad-band passband filters are designed and fabricated. A commercial TLX-0 dielectric substrate of TACONIC with the relative dielectric constant of 2.45 and thickness of 0.79 mm is chosen to fabricate the filters and Agilent's N 5071c network analyzer is used for measurement.
Dual-band Filter Design
The filter with shunt open stubs is designed and fabricated, as shown in Fig. 2 . The asymmetric half-wavelength resonators filter without shunt open stubs is illustrated in Fig. 2(a). Figs. 2(b) and Fig. 2(c) show the filter with four and eight shunt open stubs.
As shown in Fig. 3 , the center frequency of the filter is shifted from 2.4 GHz to 2.1 GHz. Meanwhile, the two transmission zeros on the Fig. 3 , the insertion loss of the passband is not good at 6 GHz and the return loss is worse than −10 dB. The reason is caused by the second harmonic of the fundamental passband, which locates too close to the new passband. To suppress the second harmonic of the fundamental passband, another four shunt short stubs are added [21, 22] , as shown in Fig. 2(c) . By using this method, the second harmonic can be weaken and shifted toward lower frequency.
As shown in Fig. 4 , the center frequency of the first passband is shifted toward lower frequency to 1.9 GHz and its bandwidth is 40 MHz. Meanwhile, the center frequency and bandwidth of the second passband are 5.8 GHz and 100 MHz, respectively. Moreover, in the passband, both the return loss and insertion loss are better than −10 dB and −2.7 dB, respectively.
Tri-band Filter Design
As above-mentioned, a passband with two transmission zeros can be obtained by shunt open stubs. We use this method to achieve the third passband by adding shunt open stubs. 
Quad-band Filter Design
The photograph of the quad-band filter is illustrated in Fig. 8 , and Fig. 9 The response of the quad-band filter is shown in Fig. 10 . The measured −3 dB frequency ranges (fractional bandwidths) for the four passbands centered at 1.37, 3.9, 6.07 and 7.11 GHz are 1.29-1.42 GHz (9.5%), 3.72-4.08 GHz (9.2%), 5.96-6.13 GHz (2.8%) and 7.06-7.13 GHz (0.9%), respectively. The minimum insertion losses 
CONCLUSION
In this letter, a method to design multi-band filter is proposed and demonstrated, which is implemented by adding shunt open stubs to asymmetric half-wavelength resonators structure. The shunt open stubs can generate the second, third and forth passbands, while keeping the half-wavelength resonator as the first passband. The center frequencies of the passbands can be independently controlled by the length of the shunt open stubs and the half-wavelength resonator. To verify the method, the dual-band, tri-band and quad-band filters are fabricated and the expected responses are obtained. The simulated results and the measured results agree well.
